Acylpeptide hydrolase (APH) unblocks N-acetyl peptides. It is a major serine hydrolase in rat blood, brain, and liver detected by derivatization with 3 H-diisopropyl fluorophosphate (DFP) or a biotinylated fluorophosphonate. Although APH does not appear to be a primary target of acute poisoning by organophosphorus (OP) compounds, the inhibitor specificity of this secondary target is largely unknown. This study fills the gap and emphasizes blood APH as a potential marker of OP exposure. The most potent in vitro inhibitors for human erythrocyte and mouse brain APH are DFP (IC 50 11-17 nM), chlorpyrifos oxon (IC 50 21-71 nM), dichlorvos (IC 50 230-560 nM), naled (IC 50 370-870 nM), and their analogs with modified alkyl substituents.
INTRODUCTION
Acylpeptide hydrolase (APH, E.C. 3.4.19.1) unblocks Nacetyl peptides and conceivably acts on nascent forms during biosynthesis, as well as on bioactive peptides (Jones et al., 1994) . This enzyme occurs in many tissues, including blood, brain, and liver. Human erythrocyte APH cleaves oxidized proteins (Fujino et al., 2000) . Acylpeptide hydrolase and the proteasome act in coordination to clear cytotoxic denatured proteins from cells (Shimizu et al., 2004) . The APHs isolated from various tissues and mammalian species are quite similar. Human erythrocyte and liver APH are highly homologous (96% identity for sequenced peptide fragments) (Fujino et al., 2000) . Human liver APH is 92% identical to the corresponding proteins from pig and rat (Mitta et al., 1996) . Nevertheless, although APHs from different sources are very similar, minor structural differences may result in varied sensitivity to inhibitors.
Acylpeptide hydrolase is a sensitive target for organophosphorus (OP) compounds. It is the major serine hydrolase in rat brain detected with 3 H-diisopropyl fluorophosphate (DFP) (Richards et al., 1999 (Richards et al., , 2000 . Erythrocyte APH is inhibited by DFP (Fujino et al., 2000) , but its sensitivity to other OPs is unreported. Profiling of serine hydrolase activities in complex proteomes of numerous tissues and cell lines reveals prominent derivatization of APH by a biotinylated fluorophosphonate (Jessani et al., 2002; Kidd et al., 2001) . Although it does not appear to be a target for OP acute poisoning (Duysen et al., 2001) , the continued use of OP pesticides and concerns for chemical terrorism make understanding secondary targets such as APH critical.
This investigation considers APH as a sensitive enzyme and marker in blood for potential exposure to OP pesticides and chemical warfare agents. It also considers two other peptide hydrolases (dipeptidyl peptidase IV [DPP IV] and tissue plasminogen activator [t-PA]) known to be inhibited by DFP (Chmielewska et al., 1988; Kenny et al., 1976) but of unknown sensitivity to other OP toxicants.
were from Sigma (St. Louis, MO) . N-Acetyl-L-alanyl-p-nitroanilide was from Bachem California (Torrance, CA). Chlorpyrifos oxon (CPO) was from Dow AgroSciences (Indianapolis, IN). Many of the pesticides, including dichlorvos and naled, were from Chem Service (West Chester, PA), and other pesticides and candidate inhibitors were from our previous investigations (Quistad et al., 2005) . Compounds 13, 14, 16, 25 , and 32 were synthesized by Karl J. Fisher of this laboratory. All candidate inhibitors were >95% purity.
Mouse and human samples. Male Swiss-Webster mice (27-30 g) from Harlan Laboratories (Indianapolis, IN) were maintained under standard conditions with access to food and water ad libitum. The studies were carried out in accordance with the Guiding Principles in the Use of Animals in Toxicology as adopted by the Society of Toxicology in 1989. Some mice were treated ip with test compound in dimethyl sulfoxide (DMSO) (30 ll) or carrier solvent alone as a control and typically maintained for 4 h. Initial ip doses were chosen based on the highest tolerated level from previous investigations in this laboratory. Subsequent doses were reduced in a 100, 30, 10, 3, etc. mg/kg series for comparison of specific compounds at the same dose. Mice in studies of enzyme activity recovery were kept longer (4 h and 8 h, and 1, 2, 3, and 4 days for DFP and 4 days for naled, profenofos, and tribufos). Other mice were exposed for 10 min to DFP vapor by placing an individual in a liter jar with a loose lid (allowing air entry) and an inner strip of filter paper treated with DFP (0.03-1 mg) in acetone (25 ll). After the animal was sacrificed by cervical dislocation, mouse erythrocytes and serum were prepared from blood recovered by cardiac puncture and the brain was removed. Human blood with EDTA as the anticoagulant was used directly or after fractionation, i.e. erythrocytes, plasma and Ficoll-paque lymphocytes.
Guinea pig samples. Male Hartley guinea pigs were treated with sarin subcutaneously at 70 lg/kg and sacrificed at 30 min (Hulet et al., 2002) . Erythrocytes and plasma were frozen with dry ice and provided by John H. McDonough and Tsung-Ming Shih (US Army Medical Research Institute, Aberdeen Proving Grounds, MD) to the Berkeley laboratory for analysis.
Sample preparations. Blood was centrifuged to separate serum and erythrocytes. Erythrocytes and whole blood were diluted with an equal volume of 100 mM Tris buffer (pH 7.4, 25°C) and frozen on dry ice to lyse cells, which were homogenized and diluted 1/20 for assay. Mouse brain was homogenized (20% w/v) in 50 mM Tris buffer (pH 8, 5°C) containing 0.2 mM EDTA. Homogenates were centrifuged at 700 3 g for 10 min (pellet discarded) and the supernatant was assayed directly (APH or DPP IV) or after 1/20 dilution (acetylcholinesterase; AChE).
Enzyme assays. Enzyme activity was determined colorimetrically with a microplate reader with 96-well plates (Versamax, Molecular Devices, Sunnyvale, CA). Samples were analyzed directly or after in vitro exposure to candidate inhibitors. Protein was determined by the Bradford (1976) method.
Analysis of data. Results are reported as percent of control or as the concentration of compound inhibiting 50% of enzyme activity (IC 50 ) as derived from two to three concentrations (above and below the IC 50 , each in triplicate) in the range of 15-85% enzyme inhibition. Results are reported as the mean ± SD. Bimolecular rate constants were calculated from plots of log % activity versus time and [inhibitor]/k versus [inhibitor] (Aldridge and Reiner, 1972) .
APH assay. A colorimetric procedure was used for APH assay (Jones et al., 1994) (Fig. 1) . Homogenate (20 ll) was added to individual wells containing 100 mM Tris buffer (175 ll, pH 7.4, 25°C). Candidate inhibitors were added in DMSO (5 ll), and the mixture was incubated at 25°C for 15 min. N-Acetyl-L-alanyl-p-nitroanilide (1.5 mg/ml, 100 ll) was introduced, and absorbance from liberated p-nitroaniline was monitored (405 nm) at 37°C for 10 min. Activity was measured using 5 ll of serum/plasma or 360, 35, and 74-98 lg protein for brain, lymphocytes, and whole blood/erythrocytes, respectively. The vast majority of blood APH is in erythrocytes (>98 and >87% for human and mouse, respectively), and whole blood is suitable for assay because plasma lacks APH.
AChE assay. The general method of Ellman et al. (1961) was used with acetylthiocholine as the substrate to measure the inhibition of AChE activity. Homogenate (20 ll) was added to individual wells containing 100 mM phosphate buffer (175 ll, pH 7.4, 25°C). For whole blood only, quinidine (20 lM final concentration) was preincubated at 25°C for 15 min to inhibit BChE (Wilson et al., 2002) . Standard methods for monitoring human OP exposure involve assay of AChE in whole blood and BChE in plasma (Wilson et al., 2002) . Because whole blood contains both AChE and BChE, the BChE component was minimized with a specific inhibitor (i.e., 20 lM quinidine). Candidate OP inhibitors were added in DMSO (5 ll), and the mixture was incubated at 25°C for 15 min. 5,5#-Dithiobis(2-nitrobenzoic acid) (1.76 mg/ml, 90 ll) and acetylthiocholine (2.6 mg/ml, 30 ll) were added with monitoring at 412 nm and 37°C for 10 min. Activity was measured using 18, 14, and 74-98 lg protein for brain, serum/plasma, and whole blood/erythrocytes, respectively.
BChE assay. The conditions for AChE were used, except with butyrylthiocholine as the substrate (1.7 mg/ml, 30 ll). Activity was measured with 14 and 20 lg protein for human and mouse plasma/serum, respectively. DPP IV assay. The method monitors release of p-nitroaniline from a peptide substrate (Richards et al., 2000) . Brain homogenate (20 ll) was added to individual wells containing 50 mM Tris buffer (pH 7.4, 25°C) with 1 mM dithiothreitol (185 ll). Candidate inhibitors were added in DMSO (5 ll), and the mixture was incubated at 25°C for 15 min. Gly-Pro-p-nitroanilide (0.82 mg/ml, 90 ll) was introduced, and absorbance was monitored at 405 nm (37°C, 10 min).
t-PA assay. The procedure was from a product information bulletin of Sigma using t-PA chromogenic substrate (CH 3 SO 2 -D-HHT-Gly-Arg-pNAÁ AcOH). Human plasma (30 ll) was added to individual wells containing 50 mM Tris buffer (pH 8.4, 25°C), 30 mM imidazole, and 130 mM NaCl (215 ll). Candidate inhibitors were added in DMSO (5 ll), and the mixture was incubated at 25°C for 15 min. The chromogenic substrate (1.32 mg/ml, 60 ll) was added, and absorbance was monitored at 405 nm (25°C, 10 min).
RESULTS

Similar In Vitro OP Inhibitor Specificity Profiles for APH of Human Erythrocytes and Mouse Brain
Five sets of compounds were examined with human erythrocyte and mouse brain APH to define the structureactivity relationships and optimize potency ( Table 1 ). The two enzyme sources are generally of similar sensitivity (IC 50 within 4-fold), except for two ethylphosphonates (3 and 5) and phosphonates 8 and 9 with long alkyl chains (C 12 and C 13 ), which are more potent on the erythrocyte enzyme. The degree of similarity for the erythrocyte and brain enzymes is evident from the IC 50 correlation coefficient of 0.99 for the 25 compounds with values for both APH preparations. The fluorophosphates and fluorophosphonates (1-10) are generally of very high potency with DFP (1) and dipentyl-DFP (2) the most active (IC 50 0.009-0.017 lM). Lower potency is observed for O-alkyl alkylfluorophosphonates (3-9) and diphenyl phosphinofluoridate (10). The CPO homologs (11-16) are optimal at ethyl (12), but they maintain high potency from methyl through n-pentyl (IC 50 0.02-0.86 lM), with isopropyl being less active (IC 50 3.3 lM). The assays also included 18 other pesticides, oxons, and analogs (17-34). Except for dichlorvos-pentyl (17) The inhibition of APH activity by DFP (3.3, 10, and 33 nM) is rapid. The bimolecular rate constants for human erythrocyte APH, plasma BChE, and erythrocyte AChE are 5 3 10 6 , 4 3 10 6 , and 9 3 10 3 (M ÿ1 min ÿ1 ), respectively. The value for BChE agrees with previous literature (Main, 1964) . Thus, DFP reacts at a similar rate with APH and BChE but >400-fold slower with AChE.
The in vitro structure-activity studies above with human erythrocytes indicate that APH is a potential marker for exposure to some OP pesticides, and the findings demonstrate the need for comparative sensitivity data for human and mouse blood in evaluating this model. Two of the most potent inhibitors of human erythrocyte APH (CPO and DFP) were therefore compared for inhibition in vitro of cholinesterases (ChEs) ( Table 2 ). Blood from both humans and mice shows similar sensitivity for APH and AChE inhibition by CPO (IC 50 32-80 nM), but APH is much more sensitive to DFP (IC 50 9-11 nM), >500-fold greater compared to AChE. For inhibition of AChE by both CPO and DFP, the IC 50 values differ by only 0.5-4.6-fold for erythrocytes and whole blood. With these overall similarities, whole blood is used for inhibition assay of both APH and AChE. Human and mouse plasma BChE differ little in sensitivity to DFP (IC 50 11-26 nM), although human BChE is 70-fold more sensitive to CPO. Lymphocyte APH is a possible alternate preparation with which to monitor CPO inhibition (IC 50 35 nM). These findings establish that APH in whole blood of mice is a convenient model to assess in vivo effects of DFP and some OP pesticides.
Comparative Sensitivities In Vivo of APH, AChE and BChE in Mouse Blood and Brain DFP Administered ip and in the Vapor Phase
The potency of DFP was determined as an inhibitor of blood and brain APH and AChE and blood BChE in mice in vivo (Table 3 ). Blood and brain APH have similar sensitivity for vapor exposure, but brain APH is less inhibited after ip treatment at the lowest dose (0.1 mg/kg). Acylpeptide hydrolase and BChE are equally sensitive to DFP, both on ip treatment and after vapor exposure, i.e., 51-63% inhibition at 0.1 mg/kg ip and 0.03 mg/l; with these doses, erythrocyte AChE is 4-to 6-fold less inhibited and brain AChE is not affected. The effective dose for 50% inhibition (ED 50 ) is 7-11-fold lower for blood APH and BChE than for AChE. Cholinergic symptoms occur with !62% inhibition of AChE in blood and brain (Table 3) .
A separate study compared the enzymes relative to the persistence of DFP-induced inhibition. Treatment of mice ip at 0.3 mg/kg after 4 h inhibits 98% and 77% of the APH activity in blood and brain, respectively, whereas 29% and 82% of the AChE and BChE in blood are inhibited, respectively, and AChE in brain is unaffected (Table 3) . Inhibited APH in blood recovers slowly (still >80% inhibited after 4 days; Fig. 2 ), whereas brain APH recovers about half its activity (t 1/2 ) after 4 days (77 ± 14% and 34 ± 15% inhibition at 4 h and 4 days, respectively). Butyrylcholinesterase recovers much faster (t 1/2 1-2 days). These mice with DFP at 0.3 mg/kg showed no overt toxic signs during the 4 days after treatment. Toxicity was also not observed at 1 mg/kg, a dose of DFP that caused 96% inhibition of APH in brain and blood but only 31% inhibition of AChE in brain.
The high sensitivity of blood APH relative to AChE and BChE observed with DFP in mice prompted a related study with sarin. Guinea pigs were chosen (instead of mice) because they are the most commonly used experimental models with sarin (Hulet et al., 2002) and a lethal dose would give the greatest opportunity for APH inhibition. In contrast to DFP in mice as noted above, administration of a lethal dose of sarin (70 lg/kg) to guinea pigs inhibits erythrocyte APH (41 ± 9%, n ¼ 4) much less effectively than erythrocyte AChE and plasma BChE (97-98%).
OP Pesticides Administered ip
Seventeen OP pesticides were administered ip to mice to study the inhibition of APH, AChE, and BChE of blood and brain 4 h after treatment (Table 4 ). Blood APH is more sensitive than the ChEs for dichlorvos, naled, and trichlorfon. APH is particularly sensitive to dichlorvos and naled (ED 50 3 mg/kg). Note. Mean ± SD (n ¼ 3) assayed 4 h after treatment. a Mild cholinergic poisoning for 3 mg/kg ip and 0.3 mg/l vapor. Severe cholinergic poisoning and sacrifice after 10 min for 1 mg/l vapor.
FIG. 2.
Inhibition and recovery of APH, acetylcholinesterase (AChE), and butyrylcholinesterase (BChE) in blood of mice treated ip with diisopropyl fluorophosphate (DFP) (0.3 mg/kg). Standard deviations at each data point averaged 16%, 33%, and 22% for APH, AChE, and BChE, respectively.
ACYLPEPTIDE HYDROLASE AS AN EXPOSURE MARKER 295
Acylpeptide hydrolase and BChE are almost equally sensitive to profenofos and tribufos, whereas AChE is less inhibited. For 10 other OP insecticides, the ChEs are more sensitive than APH, but 40-53% inhibition of blood APH occurs for chlorpyrifos and diazinon at a toxic dose (30 mg/kg). Dimethoate and acephate inhibit APH, AChE, and BChE in blood and brain to similar degrees. In general, APH inhibition is more persistent than that of AChE or BChE, as evident from a comparison of blood and brain with naled, profenofos, and tribufos at 4 h and 4 days after ip treatment at 30 mg/kg (still !81% inhibition of blood APH after 4 days) (Table 4) .
Comparative OP Sensitivities In Vitro of Mouse Brain DPP-IV and Human Plasma t-PA
Dipeptidyl peptidase IV and t-PA are serine hydrolases inhibited by DFP, as noted earlier and confirmed here, but of unknown sensitivity to other OP toxicants. Mouse brain DPP-IV and human plasma t-PA are considerably less OP sensitive (Table 5 ) than blood or brain APH (Table 1) . With DPP-IV there are three O-alkyl alkylfluorophosphonates (3-5) with an IC 50 of 0.9-1.9 lM and four others (2, 7, 9, and 10) in the range of 6.4-12 lM. The benzodioxaphosphorin oxides include two moderately potent inhibitors (IC 50 28-73 lM), i.e., the Malaoxon is 5000-fold more potent with rat brain AChE compared to APH in vitro (Richards et al., 2000) . 
DISCUSSION
Blood APH Activity as a Potential Marker for OP Exposure
Organophosphate pesticide exposure is usually measured by analysis of metabolites in urine or activity levels of BChE in plasma and AChE in blood (Eskenazi et al., 2004; Wilson, 2001) . Urinary metabolites are diagnostic relative to exposure compound or class (e.g., dimethylphosphate). Inhibition of ChEs is more general and depends on individual OP potency, with BChE typically more sensitive as a marker but AChE more relevant to toxicity and often differing in the structure-activity relationships (Wilson, 2001 ). The present study with mice and DFP establishes that APH activity in blood is equally sensitive to plasma BChE, and that APH has the advantage of slower recovery, allowing detection of inhibition after longer times.
Seventeen OP pesticides were tested in mice (Table 4) , including the top 10 by total pounds applied in California (California Environmental Protection Agency, 2005), using APH, AChE, and BChE as markers. With three insecticides (dichlorvos, naled, and trichlorfon) APH was the more sensitive marker in vivo in mice, and two others (profenofos and tribufos) APH and BChE had similar sensitivity. Ten OP pesticides were AChE and BChE selective. Dimethoate and acephate had similar potency on APH, AChE, and BChE. Thus, based on these studies with mice, APH may be a suitable marker for 4 of the 10 top insecticides used in California (dimethoate, acephate, naled, and tribufos), collectively applied at almost 1 million pounds annually. Current studies with guinea pigs indicate that APH is a less sensitive marker for sarin exposure than either AChE or BChE, but possible species differences in APH sensitivity are unknown.
Pharmacological Implications of APH Inhibition
Acylpeptide hydrolase plays a vital role in normal metabolism, evidenced by apoptosis occurring in human monoblastic U937 cells after APH inhibition by acetylleucine chloromethyl ketone (Yamaguchi et al., 1999) . Reduced APH levels may be associated with cancer because, although normal cultured lung cells have APH, it is practically absent in small-cell lung carcinoma cell lines (Scaloni et al., 1992) . No adverse toxicology was observed in the present study in mice 0-4 days after near chemical knockout of APH with DFP. The chemical warfare agent VX is toxic to mice lacking AChE, but APH is not the target (Duysen et al., 2001) .
Acylpeptide hydrolase is a proposed target for cognitiveenhancing drugs such as metrifonate (Richards et al., 2000) . Metrifonate-treated patients showed significant improvement, but it was withdrawn from development as an Alzheimer's disease drug because a reversible but clinically significant proximal weakness of limbs occurred in some individuals at high doses (Gauthier, 2001; Wynn and Cummings, 2004) . Metrifonate is converted in vivo to dichlorvos as the active form (Fig. 3 ). Dichlorvos and naled (its dibrominated analog) are more potent than metrifonate as in vitro APH inhibitors, and they are also more effective in vivo in mice. Naled is proposed to undergo thiol-catalyzed conversion to dichlorvos as an activation mechanism for AChE inhibition (Eto, 1974) (Fig. 3) . Glutathione (10 lM) enhances the potency of APH inhibition by naled, a finding consistent with the proposed formation of dichlorvos as the active product (data not shown). Dipeptidyl peptidase IV and t-PA are candidate peptide hydrolase targets for OP inhibitors. Dipeptidyl peptidase IV belongs to a serine protease subfamily related to APH, and inhibitors of DPP IV are in clinical trials for treatment of type 2 diabetes (Rosenblum and Kozarich, 2003) . Tissue plasminogen activator-based recombinant thrombolytic proteins represent a large market (>$100 million/year) (Roman, 2001) , and OP inhibitors are therefore of interest and possible concern. However, although both DPP IV and t-PA react with certain OPs, no potent inhibitors were found in this investigation.
